Cyclosporine (CsA) decreases HIV-1 infectivity by blocking HIV-1 capsid (CA) interaction with target cell cyclophilin A (CypA). Yet, HIV-1 virions produced in the presence of CsA also exhibit decreased infectivity that was previously shown to be independent of the well-characterized HIV-1 CA-CypA interaction. Here, we demonstrate that CsA decreases gp120 and gp41 incorporation into HIV-1 virions and that the fusion of these virions with susceptible target cells is impaired. This effect was not observed with HIV-1 virions pseudotyped with the vesicular stomatitis virus glycoprotein or with the amphotropic envelope protein of murine leukemia virus. It was independent of calcineurin signaling, the endoplasmic reticulum luminal protein cyclophilin B, and the long cytoplasmic tail of gp41. Thus, cyclosporine blocks HIV-1 infectivity via two independent mechanisms, the first involving HIV-1 CA in target cells and the second involving HIV-1 Env in producer cells.
The cellular protein cyclophilin A (CypA) interacts with the capsid protein (CA) of HIV-1 (24) . This interaction is disrupted by specific CA mutations or by the competitive inhibitor cyclosporine (CsA) (11, 12, 24) . The finding that both of these interventions prevent CypA incorporation into virions (11, 12, 33) and, correspondingly, inhibit infection (5) suggested that incorporation of producer cell CypA into nascent virions contributes to virion infectivity. The importance of CypA for HIV-1 replication was formally proven by experiments in CypA knockout cells (7) . Subsequently, it was demonstrated that target cell CypA is important for HIV-1 infectivity and, unexpectedly, that the interaction of producer cell CypA with CA has no discernible effect on HIV-1 replication (16, 30) .
Though CsA disrupts HIV-1 infectivity by competing with invading virion CA for binding to target cell CypA, it has an independent inhibitory effect on HIV-1 infectivity that is exerted during virion production (30) . This second effect of CsA within the virion producer cell is additive to the effect in the target cell and, like the effect in the target cell, is independent of the inhibitory effects of CsA on calcineurin signaling (30) . Surprisingly, unlike the effect in the target cell, the effect in the producer cell is independent of producer cell CypA as well as CA determinants for CypA binding (30) . Previous attempts to identify biochemical or ultrastructural defects when HIV-1 virions were produced in the presence of CsA were unsuccessful (5, 7, 12, 20, 33, 35) . Nonetheless, subtle effects of the drug on virion-associated, env-encoded proteins had been detected (5) , but only at CsA concentrations significantly higher than those required to inhibit spreading infection of HIV-1 (6) or to inhibit cyclophilin A interaction with CA (5). In the interest of parsimony, most investigators had focused on the effects of the drug at the lower concentrations.
We began by attempting to confirm the antiviral phenotype that occurs when virions are produced in the presence of CsA. HIV-1 virions were produced by calcium phosphate transfection of 293T cells with the complete infectious provirus pNL4-3 (1), as previously described (5) . CsA was added to the medium during virion production, and at 48 h posttransfection, the supernatant was filtered (0.45-m pore size). Virions were concentrated by centrifugation through a 25% sucrose cushion, normalized by reverse transcriptase (RT) activity, and used to infect Jurkat T cells. As previously described, dextran sulfate was added to prevent secondary infection and infectivity was determined by intracellular staining and flow cytometry for p24 (30) . Concentrationdependent inhibition of HIV-1 infectivity was observed when CsA was added during virion production (Fig. 1A) .
To check the Env specificity of the effect, single-cycle virions were produced by 293T cell transfection with env-deleted pNL4-3, and plasmids encoding either HIV-1 Env, vesicular stomatitis virus (VSV) glycoprotein (G), or 4070-A (amphotropic) murine leukemia virus (MuLV) envelope glycoprotein. Transfected cells were placed in medium containing 10 M CsA or an equivalent volume of solvent (dimethyl sulfoxide [DMSO] ). Virus-containing supernatants were collected and normalized as described above, and single-cycle infectivities were determined by challenging TZM-bl indicator cells in triplicate with 10-fold serial dilutions of each virus sample. Infectivity was evaluated by staining infected cells with XGal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) and by counting blue-stained foci under a light microscope, as described previously (26) . When produced in the presence of 10 M CsA, the infectivity of HIV-1 virions pseudotyped with HIV-1 Env was reduced 22-fold (Fig. 1B) . In contrast, virions pseudotyped with VSV G or amphotropic Env were inhibited to roughly 25% of control levels. The same results were ob-tained when Jurkat target cells were used (data not shown). Thus, the inhibitory effect of CsA was specific for HIV-1 Env.
To determine if CsA does indeed have effects on Env incorporation into HIV-1 virions, pseudotyped HIV-1 virions were produced as described above, concentrated by centrifugation through a 25% sucrose cushion, and normalized by reverse transcriptase (RT) activity. After removal of the supernatant, the transfected cells were harvested from the plates with 5 mM EDTA and normalized by cell number. Virions and cell lysates were subjected to Western blotting using monoclonal antibodies against gp120 (Intracell), gp41 (NEN), p24 (NEN), anti-VSV G (Sigma), anti-RLV gp70 (Quality Biotech, Inc.), and ␤-actin (Sigma).
As previously reported (5, 33), CsA had no effect on the yield of virion particles in the transfection supernatant, as determined by RT activity and particulate CA ( Fig. 1C to E) . In contrast, CsA caused a significant reduction in virion-associated gp120 and gp41 (Fig. 1C) . CsA caused no reduction in steady-state levels of env-encoded protein in the cell lysate (Fig. 1F) ; if anything, cell-associated Env protein was increased by CsA, indicating that the effect of the drug was not to block protein synthesis but to block secretion or incorporation of Env protein into extracellular virions. Consistent with the single-cycle infectivity data in Fig. 1B , and with the effects of CsA on spreading of infection of HIV-1 or amphotropic MuLV (ampho-MuLV) (6), CsA had minimal effect on the incorporation of VSV G or ampho-Env into virions ( Fig. 1D and E) .
As a complex with CypA, CsA binds and inhibits the calcium-dependent phosphatase calcineurin (14, 22) . MeIle 4 -CsA is a CsA analogue that binds CypA as tightly as the parent compound but does not form a complex with calcineurin (11, 33) . Previously, it was shown that MeIle 4 -CsA disrupted HIV-1 virion infectivity almost as potently as the parent compound (30) . Correspondingly, MeIle 4 -CsA blocked gp120 and gp41 incorporation into virion particles almost as potently as the parent compound (Fig. 1C) , but again without effects on steady-state levels of these proteins in the producer cell (Fig.  1F) . Thus, disruption of Env protein incorporation into HIV-1 virions by CsA is independent of calcineurin signaling.
The effect of Sanglifehrin, a cyclophilin-binding compound structurally unrelated to CsA (10, 28) , was tested next. Sanglifehrin blocks the CypA-CA interaction and prevents CypA incorporation into virions as efficiently as CsA but, when tested side-by-side with CsA, is found to have minimal effect on the production of infectious virions (30) . Here, Sanglifehrin was found to have minimal effect on gp120 or gp41 incorporation into virions (Fig. 1C) . This result confirms that the effect of , or with pNL4-3-env Ϫ and either HIV-1 Env (C and F), VSV G (D and G), or ampho-MuLV Env (E and H). Drugs were added to the medium during virion production. For panel A, CsA was added at the indicated concentrations. For panels B to H, the indicated drugs were added at 10 M CsA. Virion-containing supernatant was filtered, and virions were enriched by ultracentrifugation through a 25% sucrose cushion. Virion preparations were normalized by reverse transcription and tested for infectivity (A and B) or subjected to Western blotting using antibodies against the indicated proteins (C to E). At 48 h posttransfection, the producer cells were harvested using 5 mM EDTA, normalized by cell number, and subjected to Western blotting using antibodies against the indicated proteins (F to H).
CsA on Env glycoprotein incorporation into virions is likely to be independent of CypA or calcineurin.
Previously, it was shown that efficient knockdown (KD) of CypA has no effect on the inhibition of virion infectivity that results when CsA is present during virion production (30) . Given that CsA decreases virion incorporation of HIV-1 Env glycoprotein and that gp160 undergoes complex folding reactions within the lumen of the endoplasmic reticulum (ER), we focused our attention on CypB, the only cyclophilin family member known to be within the lumen of the endoplasmic reticulum (27) . CypB binds CsA as efficiently as CypA (32) and thus seemed a drug target of relevance to the Env incorporation defect. Additionally, CypB was one of 250 HIV dependency factors recently identified in a large-scale small interfering RNA screen for identifying host factors required by HIV-1 (8) .
To test the importance of CypB for Env incorporation into HIV-1 virions, HeLa cells were transduced with pSUPER retroviral vectors targeting either CypB (short hairpin RNA [shRNA] target sequence, 5Ј-GATGTAGGCCGGGTGATC T-3Ј) or the luciferase (Luc) gene, as a control (shRNA target sequence, 5Ј-GTACGCGGAATACTTCGA-3Ј), as previously described (29) . Pools of cells were selected in puromycin. CypB was detected by immunoblot analysis of cell lysates from the Luc knockdown (KD) cells by use of a primary rabbit antibody (Affinity Bioreagents). In contrast, CypB protein was undetectable in the CypB KD cells (Fig. 2A) .
CypB KD and Luc KD cells were then transfected with full-length pNL4-3 (1). Where indicated, 10 M CsA was included in the media of the transfected cells. Virions were pelleted from the supernatant by ultracentrifugation and used to infect Jurkat T cells, and infected cells were identified by flow cytometry using anti-p24 antibody, as previously described (30) . CypB KD in virion producer cells had no effect on the subsequent infectivity of the virions that were produced, and CsA was equally effective at inhibiting the infectivity of virions produced from CypB and Luc KD cells (Fig. 2B) . These results indicate that CypB is not required for HIV-1 Env glycoprotein incorporation into virions and that these effects of CsA are independent of CypB.
Env incorporation into HIV-1 virions is blocked by particular MA mutants (13, 25) . Interestingly, truncation of the long cytoplasmic tail of gp41 restores Env incorporation to virions bearing these MA mutants. The lipid droplet-associated protein TIP47 has been reported to link the cytoplasmic tail of HIV-1 gp41 with gag-encoded MA and to be necessary for incorporation of wild-type (WT) HIV-1 Env into virion particles (23) . As with the MA mutants, deletion of the long cytoplasmic tail of gp41 relieves the TIP47 dependence of Env incorporation. It is intriguing that TIP47 possesses a hydrophobic cleft of dimensions comparable to those of the hydrophobic CsA-binding site on CypA (19) . Additionally, gp41 cytoplasmic tail truncations rescue HIV-1 replication from the antiviral compound amphotericin B methyl ester (34) . Taken together, these observations prompted us to determine if gp41 cytoplasmic tail mutants would rescue HIV-1 from the CsAinduced defects in Env incorporation.
HIV-1 virions were produced by cotransfecting 293T cells with pNL4-3-env Ϫ -luc (17) and plasmids encoding Env gp160 , either pIIINL4Env/WT or pIIINL4Env/CTdel-144 (34) . The latter plasmid encodes gp160 with a deletion of the last 144 amino acids from the cytoplasmic tail. In each case, virions were produced in the presence of 0, 3, or 10 M CsA, accelerated through 25% sucrose, and used to infect CD4 ϩ / CXCR4 ϩ /U87 cells (4) in triplicate. At 48 h postinfection, the cells were processed for associated firefly luciferase activity using a standard commercial assay (Promega). As expected, wild-type HIV-1 virion production in the presence of CsA had a dose-dependent inhibitory effect on subsequent infectivity (Fig. 3A) . CsA also decreased the infectivity of virions bearing the CTdel-144 mutant Env (Fig. 3B) and decreased the incorporation of CTdel-144 mutant Env into virions (Fig. 3C to F) , indicating that the long cytoplasmic tail of gp41 was not a specific target of CsA.
Though no decrease in cell surface HIV-1 Env in response to CsA was detected by flow cytometry, the signal in the absence of CsA was barely above the background level when obtained with any of 4 different antibodies (data not shown). Others reported this technical problem and have solved it by using the CTdel-144 mutant of Env (18) . The truncated Env protein is expressed on the cell surface at higher levels because it lacks motifs associated with gp41 downregulation (3, 9, 31) . Since CTdel-144 is sensitive to CsA (Fig. 3B) , the effect of CsA on cell surface staining of the same 293T cells that were transfected to produce CTdel-144-pseudotyped HIV-1 virions was examined. These cells were stained with anti-gp120 antibody FIG. 2. Producer cell CypB has no effect on HIV-1 virion infectivity. Pools of HeLa cells transduced with an shRNA expression construct specific for CypB mRNA or specific for luciferase (Luc), as a control, were normalized by cell number and subjected to immunoblotting with antibodies for CypB and actin (A). Virions were produced by transfection of CypB KD or Luc KD HeLa cells with pNL4-3 in the presence of 10 M CsA, as indicated (B). Virions were enriched by ultracentrifugation as described in the legend to Fig. 1 , normalized by RT activity, and used to infect Jurkat T cells in drug-free medium. (Fig. 3G and H) . If the reduction in virion-associated gp120 and gp41 by CsA is of sufficient magnitude to disrupt virion infectivity, a functional defect would be expected in virion fusion with target cells. To determine if CsA causes a virion-target cell fusion defect, virions bearing Vpr/␤-lactamase (BlaM-Vpr) fusion protein were produced as previously described (15), normalized by RT activity, and used to infect SupT1 target cells. After infection, cells were loaded with the CCF2-AM substrate dye, washed, and incubated overnight. The change in CCF2-AM fluorescence emission after cleavage by the BlaM-Vpr chimera was detected by flow cytometry, and data were analyzed with FlowJo software. Results are reported as the ratio of blue to green fluorescence. Signal from cleavage of the dye was nearly undetectable when virions were produced in the absence of Env (Fig. 4A ) and shifted to 8.54% of the cells when Env was present (Fig. 4B) . When virions bearing Env were produced in the presence of CsA, dye cleavage was reduced 10-fold (Fig.  4C) . This is roughly the magnitude of reduction in Env incorporation onto virion particles (Fig. 1A) and in virion infectivity (Fig. 3A) caused by producing virions in the presence of CsA and indicates that the reduction in Env incorporation by CsA is functionally significant.
Recently we reported the surprising result that inhibition of virion infectivity by exposure of producer cells to CsA was independent of the CA-CypA interaction (30) . Closer examination of the effects of the drug on virion biochemistry in the experiments reported here indicates that the decrease in Env   FIG. 3 . Truncation of the gp41 cytoplasmic tail does not rescue HIV-1 infectivity from inhibition by CsA. HIV-1 virions competent for a single cycle of infection were produced by cotransfecting 293T cells with pNL4-3-env Ϫ -luc (17) and plasmids encoding Env gp160 , either pIIINL4Env/WT (A) or pIIINL4Env/CTdel-144 (B) (34) . Virions were produced in the presence of the indicated concentrations of CsA, accelerated through 25% sucrose, and used to infect CD4 ϩ /CXCR4 ϩ /U87 cells (4) in triplicate. At 48 h postinfection, the cells were processed for firefly luciferase activity using a standard commercial assay (Promega). Immunoblots of virions (C and D) and 293T cell lysates (E and F), produced as in panels A and B, were probed with the indicated antibodies. WT Env is shown in panels C and E. CTdel-144 is shown in panels D and F. The same transfected 293T cells as those in panel B were fixed and stained with anti-gp120 antibody and processed for flow cytometry .   FIG. 4 . HIV-1 virions produced in the presence of CsA have decreased ability to fuse with target cells. HIV-1 virions bearing Vpr/␤-lactamase (BlaM-Vpr) fusion proteins were produced and purified as described in the legend to Fig. 1 , normalized by RT activity, and used to infect SupT1 human T cell targets. After infection, cells were loaded with the CCF2-AM substrate dye, washed, and incubated overnight at room temperature. The change in CCF2-AM fluorescence emission after cleavage by the BlaM-Vpr chimera was detected by flow cytometry using an LSR II (BD). Data were analyzed by FlowJo software, and results are reported as ratios of blue/green fluorescence.
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on October 2, 2017 by guest http://jvi.asm.org/ incorporation is of sufficient magnitude to reduce the efficiency of virion fusion. Previous studies indicated that VSV G-pseudotyped virions are resistant to the antiviral effects of CsA (2) . Similarly, ampho-MuLV is resistant to CsA (6). We have indeed confirmed that HIV-1 virions pseudotyped with either VSV G or ampho-Env are resistant to the effects of CsA (Fig. 1) . HIV-1 Env is distinguished from other viral glycoproteins, like VSV G and influenza virus hemagglutinin, in that it undergoes relatively complex folding reactions within the lumen of the ER with delayed signal sequence cleavage (21) . Perhaps the slow metabolism and prolonged residence of gp160 within the ER render HIV-1 Env particularly sensitive to the effects of CsA.
